Objective: Polycystic ovarian syndrome (PCOS) is associated with skeletal muscle insulin resistance (IR), which has been linked to decreased mitochondrial function. We measured mitochondrial respiration in lean and obese women with and without PCOS using high-resolution respirometry. Methods: Hyperinsulinemic-euglycemic clamps (40 mU/min per m 2 ) and muscle biopsies were performed on 23 women with PCOS (nine lean (body mass index (BMI) !25 kg/m 2 ) and 14 obese (BMI O25 kg/m 2 )) and 17 age-and weight-matched controls (six lean and 11 obese). Western blotting and high-resolution respirometry was used to determine mitochondrial function. Results: Insulin sensitivity decreased with PCOS and increasing body weight. Mitochondrial respiration with substrates for complex I and complex ICII were similar in all groups, and PCOS was not associated with a decrease in mitochondrial content as measured by mitochondrial DNA/genomic DNA. We found no correlation between mitochondrial function and indices of insulin sensitivity. Conclusions: In contrast to previous reports, we found no evidence that skeletal muscle mitochondrial respiration is reduced in skeletal muscle of women with PCOS compared with control subjects. Furthermore, mitochondrial content did not differ between our control and PCOS groups. These results question the causal relationship between reduced mitochondrial function and skeletal muscle IR in PCOS.
Introduction
Polycystic ovarian syndrome (PCOS) is characterized by chronic anovulation, hyperandrogenism, and polycystic ovaries (1) . It is the most common endocrinopathy in younger women, with an estimated prevalence of 5-10% in the general population (2) . Insulin resistance (IR) is considered the main pathological factor responsible for the hormonal disturbances of the syndrome (3), and IR has been associated with reduced mitochondrial respiration (4) . In patients with PCOS, reduced expression of nuclear-encoded genes involved in oxidative phosphorylation (OXPHOS) has been demonstrated in skeletal muscle (5) . This reduction in expression of OXPHOS genes is similar to what has been demonstrated in patients with type 2 diabetes (6) and subjects with a family history of type 2 diabetes (7) .
It is still debated whether a possible reduction in OXPHOS gene expression is reflected in reduced overall function of skeletal muscle mitochondria. Studies of oxygen consumption in blood mononuclear cells (leukocytes) have indicated that mitochondrial complex I respiration is reduced in women with PCOS compared with age-and body mass index (BMI)-matched control subjects (8) . However, the causal link between leukocyte mitochondrial impairment and muscular IR remains elusive. It has been speculated that leukocyte mitochondrial impairment leads to increased reactive oxygen species production and increased production of proinflammatory markers such as TNFa causing IR (8) . The demonstration of impaired skeletal muscle mitochondrial function would provide stronger evidence for the central role of mitochondrial impairment in PCOS, as skeletal muscle is the primary site for IR. Thus, we wanted to test the hypothesis that skeletal muscle mitochondrial respiratory capacity is reduced in PCOS, linking mitochondrial impairment to the muscular IR that is central to the pathophysiology of PCOS. Therefore, we applied the method of high-resolution respirometry (9) on permeabilized skeletal muscle fibers in women with PCOS to thoroughly characterize mitochondrial respiration. High-resolution respirometry allows for detailed measurements of electron transport chain function through successive addition of substrates and inhibitors. We compared mitochondrial function in groups of normal weight and obese women with PCOS to age-and BMI-matched control groups to distinguish between the effects of PCOS and the effects of obesity on mitochondrial function.
Methods

Subjects
A total of 40 women were included in the study. All were recruited by advertising in the local newspaper. The participants were screened by blood sample analyses for testosterone and DHAS, and other endocrinopathies were excluded by relevant testing. Polycystic ovarian morphology was determined by transvaginal ultrasonography and categorized in accordance with the Rotterdam criteria. The patients and control subjects in this study are subgroups from a larger cohort (10, 11) .
Of the 40 women, 23 women had PCOS, nine lean (lean PCOS, BMI !25 kg/m 2 ), and 14 obese (obese PCOS, BMI O25 kg/m 2 ). In the group of lean PCOS subjects, all subjects had polycystic ovaries on ultrasonography, seven subjects had oligo or amenorrhea, four subjects had clinical hyperandrogenism, and seven subjects had hyperandrogenemia. In the group of obese PCOS subjects, all subjects had polycystic ovaries on ultrasonography, eight subjects had oligo or amenorrhea, seven subjects had clinical hyperandrogenism, and 11 subjects had hyperandrogenemia.
Since the majority of women with PCOS were oligo or amenorrhoeic, blood samples and tests were therefore taken at random both in women with and without PCOS.
Seventeen age-and weight-matched control women, six lean (lean controls, BMI !25 kg/m 2 ) and 11 obese (obese controls, BMI O25 kg/m 2 ), were identified. All women in the control group had regular menstrual cycles (!35 days) and had androgen levels within the normal range. One subject in the group of lean control subjects and eight subjects in the group of obese controls had polycystic ovaries on ultrasonography but none had clinical hyperandrogenism.
Body composition was estimated by a whole-body dual energy X-ray absorptiometry scan (Hologic QDR-2000, Waltham, MA, USA). Women with other known chronic diseases and women who had used oral contraceptives or other drugs known to alter glucose and insulin metabolism within the last 3 months, were not included in the study. The study was conducted according to the principles expressed in the 'Declaration of Helsinki', and approved by the local ethics committee. All subjects gave written informed consent before entering the study.
Oral glucose tolerance test
After a 10 h overnight fast a standard oral glucose tolerance test (75 g) was performed. Blood samples were drawn from the antecubital vein at 0 and 120 min for measurement of plasma glucose concentrations. Patients with a 2 h plasma glucose concentration !7.8 mmol/l were categorized as having normal glucose tolerance, O7.8 and !11.1 mmol/l impaired glucose tolerance, and O11.1 mmol/l diabetes mellitus.
The baseline glucose values were similar between the groups (Fig. 1 ), but the 2 h value was higher in the obese groups compared with the lean controls (lean PCOS versus obese PCOS: 6.0C0.4 vs 7.1C0.3 mmol/l, P!0.05) (lean control versus obese control: 4.9C0.5 vs 7.0C0.3 mmol/l, P!0.01).
Euglycemic-hyperinsulinemic clamp
After an overnight fast of 10-12 h all women reported to the laboratory between 0800 and 0830 h. Instructions were given to abstain from any strenuous physical activity 3 days before the assessment. A catheter was inserted in the right and left antecubital veins. The right catheter was used for blood sampling and the left for later infusion of insulin and glucose. The right arm was kept in a heating box to obtain arterialized venous blood. After a 30 min rest, insulin (Actrapid; Novo Nordisk A/S, Bagsvaerd, Denmark) was infused at a rate of 100 mU/min per m 2 followed by a stepwise decline in infusion rate every third minute by 20 mU/min per m 2 , until an infusion rate of 40 mU/min per m 2 was reached after 9 min. This rate was maintained for 120 min. Plasma glucose concentrations were measured every 5 min, and kept at 5 mmol/l by adjusting the glucose (200 g/l) infusion rate. Blood samples for assessing plasma insulin were taken at 10, 30, 60, 90, and 120 min. Insulin concentrations during steady state did not differ between the groups (lean PCOS, 462 C32 pmol/l; obese PCOS, 464C27 pmol/l; lean control, 362C51 pmol/l; obese control, 419C27 pmol/l), and steady-state plasma insulin concentrations were achieved between 10 and 30 min (data not shown). Plasma glucose was measured by a Beckman glucose analyzer (Ramcon, Fullerton, CA, USA).
Laboratory analyses
Testosterone was measured by RIA after ether extraction and subsequent celite chromatography. The intra-and inter-assay variations were 8.2 and 13.8% respectively. Free testosterone was estimated as described previously (10) .
Blood samples for analyzing insulin were centrifuged immediately at 4 8C, and plasma was stored at K80 8C for later analysis. Insulin was analyzed by 1235 Auto DELPHIA automatic immunoassay system (Wallac, Oy, Turku, Finland), with a detection limit of 3 pmol/l. The intraand inter-assay coefficients of variance were 4.5 and 7%.
Calculations
Glucose disposal rate was determined during the final steady-state period of the clamp (tZ90-120 min), and calculated as milligrams per kilogram fat-free mass per minute. The insulin sensitivity index (ISI) was calculated as (glucose disposal rate)/(plasma insulin during last 30 min of clamp), expressed in micrograms of glucose per kg fat-free mass per minute/(pmol/l). The homeostasis model assessment IR index (HOMA-IR) was used for the evaluation of whole-body insulin sensitivity. The HOMA-IR values were calculated using the HOMACalculator, version 2.2 software (Diabetes Trials Unit, University of Oxford, Oxford, UK).
Muscle biopsies
Preparation of muscle fibers Muscle biopsies were taken from m. vastus lateralis using the Bergstrøm needle technique. Muscle biopsies were taken at baseline before the clamp was performed. A small part of the biopsy sample (5 mg) was immediately placed in ice-cold relaxing (BIOPS) solution and treated with saponin (50 mg/ml) as described previously (12) . Measurements of oxygen consumption were performed at 37 8C using a high-resolution respirometer (Oroboros Instruments, Innsbruck, Austria), see below. The rest of the biopsy samples were frozen in liquid nitrogen and stored at K80 8C for later analysis.
Mitochondrial respiration protocol To avoid any potential oxygen diffusion limitation all experiments were conducted after hyper-oxygenation (w450 nmol O 2 /ml). Substrates and inhibitors were added consecutively. State 3 respiration with electron flux through complex I (state GM3) was measured after the addition of malate (2 mmol/l), glutamate (10 mmol/l), and ADP (5 mmol/l), and maximal coupled respiration with convergent electron flux through complex I and complex II (state GMS3), was achieved by adding succinate (10 mmol/l) to the muscle biopsy in the respiration chamber. The integrity of the outer mitochondrial membrane was subsequently assessed by the addition of cytochrome c (10 mmol/l) in state GMS3. In all studies, addition of cytochrome c had no additive effect of more than 20% on respiration confirming the integrity of the outer mitochondrial membrane. We examined uncoupled respiration by addition of the protonophore carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP; 1 mol/l) in a stepwise titration. The addition of rotenone (0.5 mmol/l) resulted in inhibition of complex I for examination of O 2 flux with complex II substrate alone. Tissue wet weight was used as the denominator for oxygen flux rates.
Mitochondrial DNA measurement For measurement of mitochondrial DNA (mtDNA) content, DNA was isolated from w10 mg muscle biopsies by proteinase K digestion at 55 8C for 3 days. The 100 ml digestion mix contained 50 mU proteinase K (PCR grade, Roche), 20 mmol/l Tris-HCl (pH 8.4), and 50 mmol/l KCl. After incubation at 80 8C for 45 min, the remains were spun down; and the supernatant was diluted 200 times in Tris-EDTA plus 1 ng/ml Salmon Sperm DNA (Sigma). Five microliters of this dilution was amplified in a 25 ml PCR containing 1!Quantitect SYBR Green Master Mix (Qiagen) and 100 nmol/l of each primer. The amplification was monitored real-time using the MX3000P Real-time PCR machine (Stratagene, La Jolla, CA, USA). The primers were designed to target genomic DNA (myogenin promoter: AGG TGC TGT CAG GAA GCA AGG A and TAG GGG GAG GAG GGA ACA AGG A) or mtDNA (COX1: CCC CTG CCATAACCCAATACC A and CCA GCA GCTAGG ACT GGG AGA GA). The C t values were related to a standard curve made with the cloned PCR products. These PCR products were constructed by TA cloning of the real-time PCR products into pDrive (Qiagen PCR Cloning Kit, Qiagen) followed by PCR amplification of single clones with M13 primers (CCA GGG TTT TCC CAG TCA CGA and AGC GGATAA CAATTT CAC ACA GGA) and purification with a PCR purification kit (High Pure PCR purification kit, Roche). These PCR products were then sequence verified (insertion opposite direction of lacZ); and via quantification by spectrophotometry (260 nm), a dilution series (the standard curve) was made in TE plus 1 ng/ml Salmon Sperm DNA (Sigma) with known number of molecules (5!106 down to 10 molecules per PCR). mtDNA content per genome was then calculated as the ratio of the molecules measured with the mtDNA primers and the genomic DNA primers for each sample.
Statistical analysis
All comparisons were calculated by two-tailed Student's t-test. P values !0.05 were considered significant. Tests for correlations were calculated using Pearson correlation coefficient (r). All data are expressed as meansCS.E.M.
Results
Glucose homeostasis
Groups were well-matched with regards to age and BMI (Table 1 ). Basal plasma glucose was similar between the groups (Fig. 1a) , and plasma fasting insulin was not different between obese PCOS and obese controls and between lean PCOS and lean controls ( (Fig. 1b) . The ISI showed the same pattern with the lean controls being the most sensitive and the lean PCOS (PZ0.53 versus lean controls), obese controls (P!0.01 versus lean controls), and obese PCOS (P!0.01 versus lean controls) being progressively more insulin resistant (Fig. 1c) . The HOMA-IR values calculated on the basis on fasting plasma glucose and insulin showed the same pattern as glucose infusion rates and ISI (Fig. 1d) .
Mitochondrial function
Mitochondrial content measured as mtDNA/genomic DNA did not differ between the groups (Fig. 2) . Mitochondrial coupled respiration with substrates for complex I (state GM3: malate, glutamate, and ADP) and complex ICII (state GMS3: Csuccinate) did not differ between PCOS and control in the obese or in the lean group. However, state GMS3 was significantly (P!0.05) lower in the obese PCOS versus the lean PCOS (Fig. 3) . Likewise, maximally uncoupled respiration, representing maximal electron flux capacity, was significantly (P!0.05) lower in obese PCOS compared with obese controls (Fig. 4) . Uncoupled respiration did not differ between control and PCOS in the lean groups. The uncoupling control ratio (UCR: the ratio between FCCP respiration and state GMS3 (9)) was significantly higher in the obese control (1.7C0.1) than any of the other groups (obese PCOS, 1.3C0.1; lean PCOS, 1.2 C0.1; lean controls, 1.2C0.1, P!0.01 for all comparisons), implying that obese subjects have excess capacity for electron transport.
With the final addition of rotenone, inhibiting complex I respiration, the respiratory rates decreased similarly in the groups (obese PCOS versus obese controls: K43C2 vs K40C2%) or between the lean groups (lean PCOS versus lean control: K39C3 vs 38C6%) and the lower respiration in obese PCOS Figure 3 Coupled mitochondrial respiration using substrates for complex I (state GM3: malate, glutamate, and ADP) and complex ICII (state GMS3: Csuccinate). No significant differences within the groups of obese subjects or within the groups of lean subjects were found. However, state GMS3 was significantly lower in the obese PCOS versus the lean PCOS. Data are shown as meanGS.E.M.
versus obese controls was maintained. This demonstrates that complex I activity is not reduced in skeletal muscle of women with PCOS. Mitochondrial respiration did not correlate with insulin sensitivity measured by hyperinsulinemic-euglycemic clamping (Fig. 5 ). GM3 respiration (r 2 Z0.02, nZ39, NS), GMS3 respiration (r 2 Z0.1, nZ39, NS), and FCCP respiration (r 2 Z0.04, nZ39, NS) were not significantly correlated with the glucose infusion rate. Significant correlations between these parameters were not found in any of the subgroups either.
Discussion
This study demonstrates that PCOS is not associated with deficiencies in coupled mitochondrial respiration in skeletal muscle in either obese or lean subjects, and that PCOS is not associated with any deficiencies in complex I activity. Thus, OXPHOS capacity is intact in PCOS, and the previously reported downregulation of genes involved in OXPHOS (5) in women with PCOS and IR is not translated into reduced overall function of coupled mitochondrial respiration, and the reported reductions in complex I activity in leukocytes (8) is not found in skeletal muscle.
Mitochondrial respiration in skeletal muscle biopsies was measured by high-resolution respirometry. The measurements are a composite of citric acid cycle flux and electron transport chain activity and provide a good marker of overall mitochondrial function. Our subjects were well-matched on age and BMI and the design of the study allows us to draw conclusions regarding the effect of PCOS and the effect of obesity on mitochondrial function. The rather small difference in insulin sensitivity between the PCOS group and control subjects might be explained by the fact that not all PCOS subjects displayed hyperandrogenism despite menstrual dysfunction and polycystic ovaries on ultrasonography.
As in several of our previous studies, we did not find any significant correlation between mitochondrial function and measures of insulin sensitivity (12) (13) (14) (15) (16) challenging the concept of a direct causal relationship between mitochondrial function and IR.
In addition, our study did not show any differences in mitochondrial content measured as mtDNA copy number between lean and obese subjects with PCOS and controls. Decreased mitochondrial function due to decreased mitochondrial content has been demonstrated in young, insulin resistant first degree relatives of patients with type 2 diabetes (17), and patients with type 2 diabetes have consistently been shown to have lower muscle mitochondrial content than age-and BMImatched control subjects (13, 15, 18) . Whether decreases in mitochondrial content in subjects with type 2 diabetes is a cause or a consequence of the diabetic state remains an area of debate (19, 20) . The discovery that PCOS was associated with decreased expression of genes involved in OXPHOS led to the hypothesis that aberrations in mitochondrial function could be the pathological feature of IR linking PCOS to an increased risk of development of diabetes (5) . Certainly, an imbalance between substrate supply and oxidation in skeletal muscle could progressively lead to accumulation of lipid and lipid intermediates that inhibit insulin signaling (21) . We are, however, not able to confirm this hypothesis as we did not find mitochondrial content or function to be reduced in Figure 5 Correlation between mitochondrial respiration and insulin sensitivity measured during hyperinsulinemic-euglycemic clamping. No significant correlation could be found between respiratory state GM3 and the M value or between respiratory state GMS3 and the M value. r 2 values for the whole group of subjects are displayed in the graphs. Significant correlations between these parameters were not found in any of the subgroups.
skeletal muscle of women with PCOS, but future studies should provide measurements of intramuscular lipid intermediates, especially diacylglycerol, to gain more information on this hypothesis.
Even though the obese PCOS had higher fasting insulin than obese controls and lower levels of complex I and uncoupled respiration (Fig. 4) , IR does not appear to be the primary factor in altered mitochondrial function in PCOS on the basis of the overall findings of our study. This is in contrast to previous reports linking reduced OXPHOS gene expression in skeletal muscle to IR and PCOS (5), but it underscores the importance of carrying out detailed investigations of composite mitochondrial function (respirometry, content and enzyme activities) before inferring causality regarding mitochondrial function. The regulation of mitochondrial function is highly complex and takes place on many levels a part from gene expression.
Obesity is associated with excess electron transport reflected in higher respiratory capacity during uncoupling of respiration with FCCP. When mitochondria are uncoupled electrons can pass freely over the inner mitochondrial membrane, and electron transport and respiration is not limited by the negative feedback of increases in membrane potential and not limited by the activity of the ATP synthase. Electron transport is only limited by the ability of the mitochondria to transport electrons through the complexes of the respiratory chain, and this capacity to transport electrons seems to be larger in obese control subjects than obese subjects with PCOS. An ability to adapt to increased substrate flow to the muscle by increasing oxidation could potentially protect muscle from accumulation of lipid and IR. It has been demonstrated that overweight subjects with maintained insulin sensitivity exhibit increased lipid oxidation (22) , so the fact that our group of obese PCOS subjects did not have increased excess electron transport capacity, could potentially increase their risk for intramuscular lipid accumulation and IR. The physiological significance of excess electron transport capacity is, however, far from understood (9) .
In conclusion, the results of this demonstrate, using high-resolution respirometry that skeletal muscle mitochondrial respiratory capacity is not reduced in PCOS. Furthermore, mitochondrial content did not differ between our control and PCOS groups. These findings are in contrast to previous reports of reduced expression of OXPHOS genes in women with PCOS, and do not support a causal relationship between reduced mitochondrial function and skeletal muscle IR in PCOS.
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